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Introduction
Cuprous oxide and zinc oxide are non-toxic, low-cost, chemically stable compounds that contain abundant elements. Cuprous oxide and zinc oxide are interesting materials individually and when combined, and are thus used for various types of applications mainly due to their unique semiconductor and optical properties.
Cuprous oxide (Cu 2 O) is a p-type conducting oxide with a direct band gap of 2.2 eV suitable for sunlight absorbance [1] . Cu 2 O has attracted much attention for decades, in particular due to its potential uses in solar cells [2] , photocatalysis [3] , photoelectrochemical water splitting [4] , transistors [5] , and thin films for gas sensing [6] .
Zinc oxide (ZnO) is an n-type conducting material with a large direct band gap of 3.4 eV [7] . The recent development of ZnO based nanomaterials and thin films has boosted research on making it suitable in shape, size and morphology for solar cells [8, 9] , light emitting diodes [10] , microwave absorbers [11] , gas sensors [12, 13] , piezoelectric transducers [14] , and varistors [15] .
Oxide thin films can be prepared by different techniques such as physical or chemical vapor deposition [16] [17] [18] , spray pyrolysis [19] , sputtering [20, 21] , electrodeposition [22, 23] and sol-gel [24, 25] . The latter technique is a simple and cost efficient engineering process well suited for preparing substrate coatings with controlled physical and chemical properties at low temperature. The sol-gel method usually requires surfactant or complex organic agents for preparing stable colloidal suspensions (or sols) of materials which can then be used for thin layers deposition [26, 27] . Inorganic polycondensation of oxide nanoparticles is a soft-chemistry method which consists of the salts dissociation in aqueous medium with a precipitating agent such as lithium hydroxide. This method usually involves the preparation of an organometallic precursor [28] . With optimized conditions, such oxide nanoparticles can then be stabilized in a homogeneous suspension when superficial electrical charges are formed at the surface of nanoparticles due to a dispersing agent with appropriate dipolar forces. We here report on a low-cost and complex agent-free synthesis and sol stabilization of Cu 2 O and ZnO nanoparticles obtained at room temperature. Cu 2 O and ZnO thin films were then prepared by the dip-coating technique and their microstructural and optical properties studied.
Experimental details

Sample preparation
Zn(NO 3 ) 2 ·6H 2 O (99% purity, purchased from PROLABO) or CuSO 4 ·5H 2 O (99%, VWR) dissolved in pure distilled water (0.03 mol, 100 mL) were rapidly poured (5.5 L/s) at room temperature into a dilute buffered solution of LiOH (n = 0.1 mol, V = 1400 mL). After 30 min of stirring, the precipitate was washed with deionized water to remove residual ions (OH ). An additional step consisting of reducing the Cu(OH) 2 precipitate was necessary for the formation of cuprous oxide. Ascorbic acid solution (0.015 mol) was quickly poured into the cuprous hydroxide precipitate diluted with water (500 mL) and was stirred for two hours at a fast stirring rate (240 rpm). The mixture was then centrifuged (4200 rpm for 10 min) and washed with distilled water. This step was repeated three times, removing the supernatant after each stage of centrifugation in order to eliminate the nonreactive and/or excess ions. This simple synthesis method requires only a quick precipitation, a few washings with water and neutralization (plus a fast reduction process for Cu 2 O) in order to form pure and crystalline oxide powders at room temperature.
For the preparation of colloidal suspensions, a peptization step consisting of charging the nanoparticle surface was performed by the addition of nitric acid (68%) solution for stabilizing colloidal suspensions at pH~6. A sonication step was applied to the solution at 35 kHz for 10 min to break apart possible aggregates formed in solution. Finally, colloidal suspensions of pure oxide phases were stabilized in an azeotrope solution composed of 96 vol.% absolute ethanol mixed with ultra-pure water after centrifugation of the peptized compounds before dip-coating with a NIMA DC small dip-coater from Lot-Oriel (withdrawal rate of 200 mm/min) for thin film preparation.
Sample characterization
X-ray diffraction patterns were recorded on a Bruker D4-Endeavor instrument (40 kV, 40 mA) with a CuKα wavelength, from 10 to 100°i n 2-Theta, step size of 0.02°and 3.6 s/step scan. Field emission gun scanning electron microscopy (FEG-SEM) images were recorded on a JEOL 6700F instrument.
Film thickness analysis was performed with a Dektak 3030ST system from Veeco (1 mm scan length, low speed, 0.01 mN applied force and Valley profile).
Optical properties characterizations of the films were carried out using a PV300 instrument from Bentham after deposition on 5 mm thick commercial pre-cleaned and ready to use glass substrate (Menzel-Gläser purchased from Thermo Scientific) in the UV-Visible-NIR regions.
Results and discussion
Precipitation of oxide nanoparticles
X-ray diffraction analysis showed that pure zinc oxide of wurtzite structural type (with P6 3 mc space group) is formed after precipitation and the cupric hydroxide phase (Cmc2 1 space group) is observed in the copper based synthesis (Fig. 1 ). When raw cupric salt is used for the sample preparation, the copper ions possess a + II oxidation state. The ascorbic acid (C 6 H 8 O 6 ) was then used as a reducing agent in order to promote the following two reactions and form the cuprous oxide: Cu(OH) 2 Shape control mechanism of cuprous oxide nanoparticles was recently studied in aqueous solutions with the use of a polyvinylpyrrolidone surfactant [29] . Size and low-dimensional structures are governed by thermodynamic and kinetic parameters. A supersaturated medium containing a large excess of ascorbic acid will drive the reaction to the formation of Cu 2 O nanoparticles of cubic shape (200 nm average diameter size). But large excess of ascorbic acid (twice the amount of reactant) can be too reducing and metal copper is usually formed after stirring for half an hour or more. The particle morphology is also sensitive to the stirring rate. A fast stirring rate strongly increases the probability of collisions between particles and can lead to the formation of nanospheres [29] . Here, the quick addition of the ascorbic acid solution into the cuprous hydroxide precipitate at a fast stirring rate allows the formation of spherical cuprous oxide nanospheres with the cuprite structure (Pn-3m space group) by a successive dissolution/reprecipitation mechanism (Figs. 1c and 2a) . Monodisperse solutions contain particles with an average size of 84 ± 21 nm. Larger spheres of Cu 2 O can be obtained when equivalent molar numbers of Cu 2+ and OH − (n = 0.03 mol) and volumes of salt and alkaline solutions are used during the precipitate formation step (see Fig. 2b) .
Micrometer flakes or nanorod-like particles of zinc oxide are formed depending on the nature of the solvent used during the synthetic process (Fig. 3) . When the solvent used during precipitation is water crystal plates will assemble together to form flakes (Fig. 3a) , that can be eventually broken apart by sonication (Fig. 3b) , while a mixture of 70 vol.% of water and 30 vol.% of alcohol leads to uniquely zinc oxide nanorods (Fig. 3c) . The nature of the solvent can indeed influence the mechanism of nucleation [30] . Particle shape obtained during precipitation depends on the number of hydrogen bonds offered by the solvent. Solvent molecules can considerably modify the sample stability and agglomeration phenomenon. Moreover, the germination and growth processes, which are governed by the degree of supersaturation and interfacial energy, can be strongly modified by the change of solvent [31, 32] . The oxide particles morphology also strongly depends on the dielectric constant of the aqueous medium. A mixed solution of water and ethanol with decreased dielectric constant, influence the growth process along a special crystallographic axis which leads to single rod-like shaped nanoparticles (Fig. 3c) .
Sol stabilization
It is well known that zinc oxide and cuprous oxide are sensitive to dissolution in aqueous solutions at ambient temperature. This phenomenon closely depends on the chemical species present in solution. Pourbaix diagrams are often used to view the equilibrium chemistry of a species in terms of redox behavior or solubility alone [33] . Their stabilization in aqueous medium by modification of their hydroxyl groups with inorganic acids is only possible in a small specific pH region. For zinc oxide, at ambient temperature and in acid medium (pH b6), the dissolution is in principle due to the direct attack of protons on the particles surface. This promotes the formation of the soluble forms Zn(OH) + [34, 35] . In alkaline media (pH N9), the dissolution phenomenon is generally attributed to the formation of different hydroxyl ions such as Zn(OH) 3 − and Zn(OH) 4 2− [34, 36] . Similarly, for cuprous oxide under acidic conditions, the solubility is closely related to the chemical species with which copper can form complexes [37] . Similarly, following the Pourbaix diagram for copper oxide stabilization, Cu + is formed in slightly acid solution (pH~5-6), in a small potential area compared to Cu 2+ , without any complexing agent. Cu II (OH) 2 and Cu I (OH) are predominant in water under mildly alkaline conditions (pH N 9) and their presence also depends on the oxygen solubility in water [33, 37] .
Zeta potential measurements showed an isoelectric point value of 7.5 and 8.2 for Cu 2 O and ZnO, respectively (Fig. 4) . Zeta potential is maximum at a pH value close to 6. Zeta potential decrease observed either at lower or higher pH could be explained by a partial dissolution of the particles of ZnO and Cu 2 O. At this range of pH, the increase of ionic strength by dissolution of particles could induce a compression of the ionic double layer of particles thus changing the size of the agglomerate mobility.
Therefore, a short strong ultrasonication (35 kHz for 5 min) coupled with the addition of an acidic solution of dilute nitric acid (pH~6) was utilized to disperse and stabilize the particles in solution. After this step of peptization/deagglomeration, an azeotrope mixture containing 96 vol.% of absolute ethanol and 4 vol.% of ultrapure water was used to obtain the final sol, allowing the stabilization of particles and improving the wettability of the sol on a glass substrate. The viscosity variations of this sol as a function of the shear strain is given in Fig. 5 for each oxide colloidal dispersion. Both dispersions of Cu 2 O and ZnO exhibit a rheofluidifying (pseudo-plastic) and slightly thixotropic behavior as shown by the non-linearity of the curves and the presence of a small hysteresis. Particle granulometric distributions in colloidal dispersions were measured by dynamic light scattering after ultrasonication of each solution at 35 kHz for 10 min. Cuprous oxide and zinc oxide solutions exhibit a narrow distribution of aggregates with an average particle diameter centered around 198 and 255 ± 5 nm, respectively (Fig. 6) . Solutions of ZnO were stable for a couple of weeks while colloidal dispersions of Cu 2 O were stable for a few months.
Oxide thin films preparation and their optical properties
Oxide thin films of Cu 2 O and ZnO were prepared by dip-coating into the corresponding colloidal dispersions. Contact profilometry measurements showed that a thin layer of~300 nm can be obtained after one dip-coating sequence for both compounds, although particle shapes are different for Cu 2 O (spheres) and ZnO (rods). Fig. 7 shows room temperature transmittance and reflectance data and insets are FEG-SEM images of a micrometer thick and homogeneous oxide layer obtained after three successive dip-coatings. Optical features are identical for 300 nm thin layers of oxides. Absorbance curves were deduced by summing all three contributions to 100%.
A strong absorption edge is observed for the orange/red Cu 2 O thin films, from the UV region to the low wavelengths of the visible region. In the cuprous oxide, the top part of the valence band does not only constitute oxygen orbitals, as it is usually observed for transition metal oxides, but contains also fully occupied metal d orbitals [38] [39] [40] . The Cu + ions 4 s 0 orbitals correspond to the conduction band lower energy levels and charge transfer can occur from the hybridized orbitals forming the valence band to the empty Cu states at the conduction band. The optical direct band gap value of~2.4 eV, which was determined following Tauc's equation [41] , is higher than the band gap (~2 eV) measured in Cu 2 O films grown by electrodeposition technique [42] . The higher band gap observed in our work can be related to a quantum confinement effect due to smaller particle sizes [43] . Indeed, the average crystallite size is approximately 10 nm in diameter, as determined by Scherrer's law from the X-ray diffraction patterns, but even smaller particles (below 5 nm) can also be seen in SEM images, supporting the assumption of quantum confinement effect. ZnO thin films are highly transparent over the visible-NIR region. A direct energy band gap of 3.3 eV for ZnO was determined by extrapolation of the vertical line calculated following Tauc's equation [41] , in accordance with the literature [7] .
These homogeneous thin films of Cu 2 O and ZnO obtained at room temperature by the dip-coating method after a strict control of the parameters for the precipitation process and sol dispersion stabilization needed to be sintered to form compact layers. The two materials could then be combined for various applications including photovoltaics. Finally, this water and ethanol synthesis and solution stabilization of oxide nanoparticle method have proven to be efficient for the preparation of thin and crystallized oxide solid films at room temperature, and can thus be extended to a large variety of target structures.
Conclusions
Monodisperse distributions of oxide particles were stabilized in colloidal dispersions using a simple and low cost method that was optimized at room temperature using only water and ethanol as solvents. Cu 2 O nano-or micro-particles are spherical and their size can be adjusted by changing the proportions of metal salts and alkaline solutions. Two types of ZnO particle morphology, flakes or rods, were synthetized by modification of the dielectric constant of the solvent.
After peptization at pH~6, oxide colloidal suspensions were stabilized in an azeotrope ethanol mixed water solution. The small size of hydrodynamic particles and the high positive zeta potential used to stabilize our sols allow the formation of stable suspensions which exhibit a rheofluidifiant behavior. As-prepared dispersions were then used for the oxide thin films preparation by the dip-coating technique. Homogeneous thin films (~300 nm after one dip-coating sequence) of oxides were formed on glass substrates. The dark orange cuprous oxide films strongly absorb in the UV region and low wavelengths of the visible region while the whitish zinc oxide films are transparent from the UV to the IR regions. Fig. 7 . Transmittance, reflectance and deduced absorbance spectra of ZnO (left) and Cu 2 O (right) measured on thin films at room temperature. Insets show side cuts scanning electron microscopy images and top views of three oxide layers deposited on glass substrates for both materials.
